I Several tissue-processing procedures were studied for their applicability in quantitative immunoelectron microscopy (EM). Three aspects were mainly considered: maintenance of the natural dimensions of cellular structures (no shrinkage), equal efliciency of immunolabehg throughout a specimen, and the possibility of non-interfering double labeling. These aspects were studied in a gelatin model system and in rat pancreatic tissue, which we subjected to different processing procedures. Some aldehyde-fmed specimens were kept hydrated and prepared for cryosectioning directly or after embedding in polyacrylamide (PAA). Other samples were dehydrated and embedded in different resins, i.e., Lowiayl HM20, LR Gold, or LR White. Dehydration was performed under conditions of cryosubstitution (CS) at -30°C or progressive lowering of the temperature (PLT). We found that only CS dehydration followed by embedding at temperatures below -45'C, which is compatible with Lowi-
Introduction
Immunocytochemists face a perpetual search for a satisfactory compromise between tissue processing conditions to meet ever conflicting requirements, such as (a) maintenance of immunoreactivity, (b) fixation of antigen molecules at their natural location, (c) preservation and display of ultrastructural details, (d) equal accessibility of antigen molecules at different locations, and (e) the possibility of performing multiple labeling of different antigens in one specimen. Depending on the relative importance or the sensitivity of each of these factors in a particular case, one might choose one of the several good immunocytochemical approaches and mod* it according to specific demands. For detailed intracellular localizations, we have preferred to use immunogold labeling of thawed cryosections, as developed by Tokuyasu (1980) , Geuze et al. (1981) , Griffiths et al. (1984) , Slot and Geuze (1985) , and Slot et al.
Supported by grant 900 534 066 of W O , the Dutch organization for scientific research, The Hague, The Netherlands. cry1 HM20, gave satisfactory results in all three aspects investigated. We have previously introduced this procedure for IEM of glycolipids. Unlike in other non-aqueous embedding procedures, aldehyde-fixed material can be embedded via this CS-HM20 procedure without detectable shrinkage. The method also provides homogeneous labeling efficiency by equalizing the accessibility of antigens, irrespective of the original matrix in which they are packed. In this respect the CS-HM2O method equals the previously introduced but more bothersome PAA method. In addition, two-sided labeling of CS-HM2O sections allows double labeling without mutual hindrance of both immunoreactions, and these sections present a well-defined ultrastructure. (J Hisrochem Cyrochem 42497-503, 1994) KEY WORDS: Quantitation; Immunoelectron microscopy: hwicryl HM20; Shrinkage; Penetration; Double labeling. (1988, 1991) . This technique offered the best results with regard to immunoreactivity and display of ultrastructure. Howwer, for quantitative evaluation of immunolabeling, the use of non-embedded sections is in many cases not reliable because of variations in antigen accessibility owing to differences in density of cellular material (Slot et al., 1989; Posthuma et al., 1987) . Therefore, we previously adjusted this method for quantitative observations by embedding tissue in polyacrylamide (PAA) without dehydration. Indeed, fluctuations in labeling effkiency (LE) caused by the density variations (as reported by Griffiths and Hoppeler, 1986) were negated, and cryosections of PAA-embedded tissue could be used to measure antigen concentrations at the subcellular level in pancreas (Posthuma et al., 1988) and liver (Chang et al., 1988) . In practice, however, the PAA embedding method presented some drawbacks. The demand of ultracryotomy is a limitation for general use, and the polymerization of acrylamide in the tissue is difficult to control. Moreover, quantitative observations on two antigens in one specimen are hampered by the restriction that cryosections can only be double labeled at one side, so that steric hindrance will probably affect the reliability of labeling density measurements when both antigens are localized together.
In this study we describe the suitability of other embedding procedures to replace PAA embedding for quantitative immunocytochemistry. Cryosubstimtion (CS) dehydration of aldehyde-fixed tissue, followed by embedding in Lowicryl HM20, was found to be a satisfactory procedure. This method has been shown previously to be useful for sensitive immunogold labeling and preservation of ultrastructure of aldehyde fixed tissue (Van Genderen et al., 1991; Van Lookeren Campagne et al., 1991; Voorhout et al., 1990; Humbel and Schwarz, 1989; Schwarz and Humbel, 1989) . We examined primarily the effect of different procedures on two crucial aspects: tissue shrinkage and fluctuations in LE due to variations in penetration of immunomarkers. We found the CS-HM2O method superior to other dehydration methods in these respects. In addition, CS and HM20 embedding was advantageous because of reproducibility, sectioning properties (room temperature), improved ultrastructure, and compatibility with two-sided double labeling (Bendayan, 1982) .
Materials and Methods
Animals and Tissue processing. Six male Wistar rats weighing 150-310 g were anesthetized and their pancreases were collected to obtain a purified secretory granule fraction (Posthuma et al., 1987) . To measure cell shrinkage, intact granules were mixed with 10% gelatin and fixed. For LE studies, granule fractions were lysed in the presence of 1.0 M NaHCO3. Identical concentrations of the lysate were mixed with 5 or 10% gelatin and fixed as ~0.25-mm thick slabs, which were used to prepare composite blocks according to Posthuma et al. (1988) . In these blocks a control layer of 10% gelatin without lysate, which was marked by the inclusion of fiied bacteria, separated the two experimental layers.
Normal pancreatic tissue was obtained via perfusion-fixation through the left ventricle of the heart. As a fixative we used 2% glutaraldehyde in 0.1 M phosphate buffer, and both the gelatin preparations and the pancreas tissue were post-fixed overnight at 4% in the same fixative.
Embedding Methods. For ultracryotomy of hydrated specimens (Tokuyasu, 1980) . gelatin blocks or tissue samples were infused with 2.3 M sucrose or were first embedded in 30% PAA as described (Posthuma et al.. 1987; Slot and Geuze, 1982) and then immersed in sucrose. In both cases, samples were mounted on specimen holders, frozen in liquid nitrogen, and sectioned at -100°C with an ultracryotome (Leica; Vienna, Austria).
The following dehydration and embedding procedures were used: (a) cryosubstitution (CS) dehydration. as described by Van Genderen et al. (1991) . Briefly, specimens were infused with 1.8 M sucrose in 5 mM Pipes buffer, frozen in liquid nitrogen, and dehydrated in a cryosubstitution apparatus (CSauto; Leica) with (i) methanol at -9O'C. followed by embedding in Lowicryl HM20 (Chemische Werke h i ; Waldkraiburg, Germany) at -45°C or in HM23 at -6O'C, and (ii) acetone at -9O"C, followed by embedding in LR Gold (London Resin; Woking, UK) at -20°C; (b) dehydration under fluid conditions and progressively lowering temperature (PIT) with (i) methanol according to Hobot (1989) . followed by Lowicryl HM20 embedding at -35'C, or (ii) acetone according to Berryman and Rodewald (1990) , followed by LR Gold embedding at -2O'C; (c) dehydration under fluid conditions at room temperature with (i) ethanol according to Bendayan et al. (1987) . followed by LR White (London Resin) embedding at room temperature: and (d) for Epon embedding the samples were post-fixed with 1% 0~0 4 , dehydrated in a graded series of ethanol, and infiltrated with Epon 812.
Antibodies and Immunolabeling. Ultra-thin sections were collected on formvar-coated copper grids and incubated with affinity-purified antibodies directed against the pancreatic secretory proteins amylase and chymotryp-sinogen (Geuze et al.. 1979) , followed by protein A-gold (Slot and Geuze, 1985; Geuze et al., 1981) . The immunoreaction was stabilized by floating the grids on 1% glutaraldehyde for 5 min. For double labeling of cryosections, one side of the sections was sequentially labeled with the two antibodies (Slot et al., 1991) . whereas sections of Lowicryl-embedded material were labeled on either side sequentially. Therefore, we adapted a method described by Bendayan (1982) . in such a way that the first incubation was performed before the sections were mounted on formvar-coated grids, by transferring floating sections in wire loops from drop to drop during the washing and labeling steps. Then the sections were placed on a grid with their labeled side facing the formvar coat. For the second labeling step, the non-exposed side was now incubated for the second antigen by transferring floating grids through the labeling and washing procedure. The advantage of this modification is that the formvar carrier films stabilize the sections during microscopy. Lowicryl sections were contrasted for 15 min with 2% aqueous 0~0 4 .
Measurement of Shrinkage. The volume density (Vv) of intact purified secretory granules (SG) in gelatin was measured directly with the point-hit method over 50 pm2 of section surface per grid in a Phillips 301 electron microscope. The VvSG in pancreas tissue was measured as the number of points over SG per number of points over exocrine cells in 20 randomly taken micrographs with a final magnification of x 21,400. The average volume of the individual SG, VSG, in the different embedded samples was calculated as described by Brzndgird and Gundersen (1986) . A total of 75 granule profiles were evaluated per grid. Shrinkage of the tissue or gelatin after each dehydration and embedding procedure (p) was expressed as the shrinkage factor (SF) versus the same material embedded in Epon, which was calculated from
where SF(p) x 100 is the tissue volume after procedure p in percentage of the tissue volume after osmication and Epon embedding. A two-sample t-test was used to determine the significance of difference between the Epon material and the conditions studied. It has been reported that Eponembedded tissue reflects the fresh tissue volume closely (Griffiths et al., 1984; Konwinski et al., 1974; Tooze, 1964) .
Measurement of Labeling Density (LD). The LD over 5% and 10% gelatin areas in sections of secretory granule lysate-containing composite blocks was established as the number of gold particles counted per pm2 section surface (Posthuma et al., 1987) . For each experiment, gold particles were counted on a 10 pm2 surface of random sections on each of three grids. Background labeling was determined as the LD over the 10% gelatin control layer. Measurements were performed directly in a JEOL 1200 EX electron microscope with video equipment attached. To standardize measurements, we used a calibration grid with 1026 lines/mm.
Results

Tissue Sbrznkage
Volume changes can occur during different stages of specimen preparation, such as fixation, dehydration, and embedment (Bittermann et al., 1992; Kellenberger et al., 1992; Robertson et al., 1992; King, 1991) . To be able to perform absolute quantitative immunocytochemistry, we need to control these changes. We estimated the effects of dehydration and embedment on shrinkage in 10% gelatin (%able 1) and in pancreas tissue (%able 2). The shrinkage factor (SF) was deduced from the VvSG and VSG (see Materials and Methods). Apparently, the high density of the secretory granule content prevented significant changes in VSG in slab gels and in tissue un- The shrinkage factor (SF) versus Epon (see Materials and Methods) was calculated using the volume density (VvSG) of the secretory granules and their average volume Different with signifcancep = 0.05; * p = 0.01, * * p = 0.025, ***p = 0.005.
SF
Not significantly different from Epon.
der the different processing conditions. On the other hand, in several cases the VvSG deviated strongly from the values measured in Epon-embedded material, resulting in SFs significantly below 1. In particular, for the 10% gelatin blocks, after PLT dehydration the SF varied between 0.41 and 0.51 for the various resins used, indicating a shrinkage by even more than 50%. For exocrine cells in pancreatic tissue after PLT, an SF of 0.65 and 0.69 for HM20 and LR Gold, respectively, indicated a volume shrinkage of approximately 33%. No significant shrinkage was observed in hydrated specimens. The high SF (1.24) in cryosectioned gelatin blocks is probably due to overstretching of the fragile sections before they are transferred to the formvar film rather than to volume changes during tissue processing. In CS-dehydrated specimens, shrinkage was much less than after PLT dehydration. In HM20, embedded at -45"C, we measured an SF of 1.0 and 0.94 in gelatin and tissue, respectively, indicating that no shrinkage had occurred. LR Gold embedding of CS-dehydrated material, which had to be performed at -20"C, resulted in moderate shrinkage of approximately 40% (SF 0.61) and 20% (SF 0.81) in gelatin and tissue, respectively.
Labeling Efliciency
Next to the effects of dehydration and embedding on volume, we examined how variations in LE of the immunogold markers were affected. We used a model system of composite blocks consisting of a 5% and a 10% gelatin layer containing the same concentration of antigen (i.e., equal fractions of lysed secretory granules).
We have previously shown that penetration in sections from nonembedded 5% gelatin resulted in a considerable higher LE compared with 10% gelatin sections, where gold labeling was restricted to the section surface (Posthuma et al., 1987) . In that study we were able to negate the differences in LE between 5% and 10% gelatin by embedding the gelatin in PAA. PLT-dehydrated and Lowicryl K4M-embedded gelatin samples still showed a higher LD over 5% than over 10% gelatin, indicating differential penetration in K4M. We repeated this procedure with cryosections of non-or PAAembedded material and extended our observations to several other embedding procedures ( Table 3 ). As before, we observed in cryosections of non-embedded gelatin a 1.5-and 8.3-fold higher LD for amylase and chymotrypsinogen, respectively, over the 5 % layer compared with the 10% layer. After PAA embedding, both layers were labeled with almost identical density for both antigens. Similar results were obtained after CS dehydration and HM20 embedment. The results after PLT dehydration were not unequivocal. Whereas LR Gold-embedded material showed good similarity between LDs over 5% and 10% gelatin, LR White embedding resulted in an LD over 5% gelatin that was approximately twice as high as over 10% gelatin, for both labeled antigens. 1) and provide better opportunities for double-labeling experiments. Sections from HM20-embedded material are suitable for double labeling by using two sides as reported by Bendayan (1982) , who layered resin sections on bare grids and then labeled two sides of the grids sequentially. We found it convenient to put pre-labeled HMZO sections on formvar-coated grids (see Material and Methods), so that the sections were more stable in the electron microscope and larger grid meshes could be used. In agreement with Bendayan's k Gold separation of the two markers at either side of the section ( Figure  2 ). For cryosections of PAA-embedded or non-embedded samples, double labeling is possible Only at one side, e.g., by the Sequential protein A method as described (Slot et al., 1991; Geuze et al., 1981) .
One-sided double labeling may suffer from interaction between immunoreactions, which can affect quantitative studies seriously, particularly when both antigens are present in high concentrations in the same subcellular structure. This was, for example, apparent from observations on two antigens abundantly present in the secretory compartments of the acinar pancreatic cell: chymotrypsinogen and amylase. Compared to the situation in the two-sided-labeled HM20 sections ( Figure 3A) , we observed between two-and fourfold lower labeling of the second relative to the first labeled anti- 
Immuno-double Labeling of Pancreas Tzssue
The above described experiments show that dehydration via CS and embedding in Lowicryl HM20 provides a reliable alternative to the non-dehydrated PAA method reported before (Posthuma et al., 1987) . The CS-HM2O method of tissue processing leaves structural dimensions unaffected, and accessibility of antigens in the sections appears independent of the density of surrounding cellular mate- gen in the one-sided sequential procedure ( Figure 3B ), probably due to steric hindrance.
Discussion
Quantitative immunocytochemistry is based on reliable stereological measurements (Griffiths, 1993) . Therefore, shrinkage of the samples during tissue processing should be avoided. The conventional osmium-Epon tissue processing appears a favorable approach, since natural sizes are well retained after this treatment (Griffiths et al., 1984; Konwinski et al., 1974; Tooze, 1964) . However, in spite of occasional successful localization studies on Epon-embedded tis- sue (Bendayan and Zollinger, 1983) . retention of antigenicity is often very limited. Therefore, aldehyde-fixed tissue, dehydrated and embedded in resins such as Lowicryls and London resins, has been introduced in immunocytochemistry. With these embedding media, tissues are usually dehydrated in upgrading concentrations of organic solvents while the temperature is progressively lowered (for review see Hobot, 1989) . We found that such PLT dehydration after aldehyde fucation causes significant shrinkage, which was more severe in 10% gelatin than in pancreas tissue. Moreover, measurements of the average volume of secretory granules indicated no sig nificant changes in the volume of those structures. Therefore, structures with low protein concentration seem to be most vulnerable to shrinkage. The fact that in sections of hydrated, aldehyde-fixed material (cryoor PAA embedded) no shrinkage was observed suggests that the fixation itself does not induce shrinkage. This can be illustrated by mixing fluid gelatin (~3 7°C ) with an adequate amount of glutaraldehyde. It changes quickly into a solid gel without any change of volume. If, on the other hand, cubic pieces of such a fixed gel are immersed in organic solvents such as methanol or acetone, significant shrinkage can easily be observed. Similarly, Griffiths and colleagues found that cell dimensions did not change in glutaraldehyde-fixed, hydrated cells compared with either nonfixed or osmicated-Epon-embedded cells (Griffiths et al., 1984) . In addition, the embedment seems not to contribute to the shrinkage, since we observed that if dehydration is performed via CS below -45°C before embedding in Lowicryl HM20, shrinkage can be avoided, whereas the same embedment in conjunction with PLT dehydration did induce shrinkage, as in all other PLT procedures. Apparently, dehydration under fluid conditions results inevitably in shrinkage of aldehyde-fixed tissue. CS dehydration can prevent this, provided that the embedding temperature is sufficiently low.
The LR Gold embedding at -20°C was not adequate and did not completely prevent shrinkage (Ebles 1 and 2), whereas on the other hand Lowicryl HM23 embedding at -60°C gave similar results (not shown) as those we report for HM20 at -45°C.
Apart from favorable shrinkage characteristics, the CS-HM2O method has been reported to favor sensitive immunoreactions ) and preservation of ultrastructure (Van Lookeren Campagne et al., 1991) . In addition, earlier studies in our laboratory revealed the CS dehydration and HM20 embedding to be very suitable for preservation of lipidic structures (Voorhout et al., 1990) . This allowed a fairly accurate localization of membrane glycolipids (Van Genderen et al., 1991) , for which other procedures are less adequate due to lipid extraction. Furthermore, the restriction of label to the section surface makes the CS-HM2O procedure attractive for quantitative immunocytochemistry in two other respects. First, it has an equalizing effect on the LE throughout the specimen, as we showed by the equal LE for antigens embedded in different concentrations of gelatin (see Tible 3). In this respect, the CS-HM2O method was better than PLT dehydration method in several cases (Eble 3) (Posthuma et al., 1987) . Second, the immunoreagents do not penetrate the sections. Therefore, an immunoreaction at one side interferes neither qualitatively (immunochemical interference) nor quantitatively (steric hindrance) with a second immunoreaction at the opposite side of the section. This allows a precise, quantitative comparison of the distribution of two antigens in the same set of cell structures. We exploited this advantage in a detailed study of Golgi structures in exocrine pancreatic cells, where we analyzed the quantitative distribution of different antigens (manuscript in preparation). This two-sided double labeling is not uniquely applicable to the CS-HM20 method. Bendayan (1982) reported its usefulness on sections of differently embedded materials. However, hydrated sections, either non-or PAA embedded, do not give this opportunity. These sections are too fragile for immunoincubation without appropriate support, as provided by a formvar film. They are also largely immersed in, rather than floating on, drops of reagents, and the two surfaces are often in contact through holes in the sec-tions, so that one reaction often covers two sides of the section (Posthuma et al., 1984) .
In conclusion, the CS-HM2O-embedded sections include a unique combination of features that make them particularly suitable for performing quantitative immunocytochemistry.
